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 In 1959, Feynman’s article, There’s plenty of room at the bottom, has catalyzed 
the development of nanoscience and nanotechnology. Today, nanoscience has 
becomes one of the hottest topics among researchers and engineers. People start to 
realize that nanomaterials can have unlimited potential in many areas especially in 
nanodevices, nanobiology, nanophotonics and nanocatalysis.   
 
 Subsequently, the fabrications of nanomaterials are becoming more and more 
important. We are looking forward to an ideal and universal synthesis method which 
allows us to prepare nanocomposites with a few quick and easy steps. In the past 
decades, the developments of various chemical or physical methods have enabled us 
to partly fulfill this goal. The development of chemical/solution-based synthesis 
methods provided an alternative simple way to prepare nanocomposites, especially 
metal-oxide nanomaterials, at low temperatures.  
 
 In this thesis, we proposed two relatively simple approaches to prepare 
metal-oxide nanostructures. These two strategies offer a fast and direct way to obtain 
2D metal-oxide nanocomposites. In the first project, uniform black 2D Fe3O4 
nanosheets can be synthesized quickly on Fe substrates by immersing the substrate 
into a 70 °C acidic solution containing diluted HCl and KCl under an O2 rich 
 vii
environment. We then further extended this method to obtain ZnO nanosheets with 
different sizes. 
  
 In the second project, we introduced another direct method for large scale 
formation of FeOOH nanowalls. By choosing Fe substrate as the working electrode in 
an electrochemical system, FeOOH nanowalls can be synthesized directly on the 
substrate surface, without much impurity issues. The dimensions of the nanowalls can 
also be controlled from 160 nm to 450 nm by varying the number of process cycles.  
 
 Field emission performances of all the as-grown nanostructures were investigated 
in vacuum. According to our measurements, both FeOOH nanowalls and ZnO 
nanosheets are capable of emitting at least few hundreds μA/cm2 current density. This 
makes them strong candidates for future electron field emitter devices. In addition, 
since there is no related scientific reports of the field emission performances of 
FeOOH can be found in the literature, we may be the first group to observe strong 
field emission properties of this nanomaterial.  
 
 We believe our newly improved synthesis techniques are potentially useful to 
achieve large-scale and uniform synthesis of metal-oxide nanomaterials which can 
also be used for further fundamental research on low dimensionality.   
 viii
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Chapter 1 Introduction 
 
1.1 ‘There’s plenty of room at the bottom’ 
 In 1959, an American physicist, Richard Phillips Feynman, in his article ‘There’s 
plenty of room at the bottom’ discussed the advantages that could be provided by 
controlling the structure of matter atom by atom.[1] He considered the possibility of 
direct manipulation of individual atoms. He then pointed out that if a bit of 
information requires only 100 atoms, then all the book ever written could be stored in 
a cube with size 0.02 in. long. Today, the idea has been realized by the scanning 
tunneling microscope. Researchers are able to write bits of information using fewer 
than 100 atoms.[2] Feynman’s article has catalyzed the development of a new field - 
nanoscience and nanotechnology. His vision - “to synthesize nanoscale building 
blocks with precisely controlled size and composition, and assemble them into larger 
structures with unique properties and functions” has also sparked the imagination of a 
generation of researchers.   
 
1.2 Chemical Synthesis of Nanomaterials 
 Low dimensional nanostructures of materials have received great research 
attention due to their unique properties that differ from bulk. One of the main 
challenges is how to precisely control the sizes, crystal structures and dimensionalities 
in nanoscale. Researchers have introduced various synthesis methods in order to gain 
control over the growth behavior of nanomaterials. Such methods can be divided into 
two groups: physical approach and chemical/solution approach.  
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 The chemical/solution approach offers many more advantages compared to the 
physical approach. Advances in solution processing have demonstrated that different 
nanocomposites can be prepared with precise control of the size and morphology. By 
manipulating the different reactions in solution, it is possible to exert a high degree of 
control on the solid formation process at the molecular level (nucleation and growth) 
to produce structures well in the nanometer regime.[3,4] Additionally, by controlling 
the reactions and their sequences, it is possible to produce nanowires and 
nanoparticles with distinctly different core-shell structures.  
 
 Another advantage of the chemical based synthesis approach is the low formation 
temperatures. Compared to most high temperature physical techniques such as laser 
ablation, nanocomposites can be synthesized hydrothermally at temperature less than 
200 °C.[5-7] Besides, the hydrothermal technique also offers the possibility to 
produce large-scale uniform synthesis at reasonably low cost. Lu et al. managed to 
produce uniform ZnO nanowires, and nanobelts on Zn foil (shown in Fig. 1.1) by 
immersing the foil in alkaline oxidant solution containing 0.48 M NaOH and 0.095 M 









Fig. 1.1 SEM images of ZnO (a) nanowires; (b) nanobelts hydrothermally grown on 
Zn foil at 150 °C.[Reproduce with permission of The Royal Society of Chemistry, 
ref.8] 
 
 Zhang et al. further demonstrated the feasibility of the hydrothermal synthesis 
technique in preparing various nanocomposites.[9] These included lead telluride 
nanotubes/nanowires, nickel sulfides nanostructures, copper and silver telluride 
nanostructures. Fig. 1.2 shows the various copper telluride nanostructures 
hydrothermally grown in different reaction media. In deionized (DI) water, the 
resulting film is composed of irregular particles and minor hexagonal plates (Fig. 
1.2a). When an aqueous cetylrimethylammonium bromide (CTAB) solution was used 
as the reaction media, rodlike structures were obtained (Fig. 1.2b). These 
micrometer-sized rods possess sharp tips. A higher magnification SEM image in Fig. 
1.2c reveals that the rods are aggregates of nanosheets. It is believed that 
self-assembly of these nanosheets results in the formation of rods. When an aqueous 
hydrazine solution was used as the reaction media, the resulting copper telluride grew 
into nanowires more than 10 μm in length (Fig. 1.2d). These results indicate the 
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feasibility of the chemical synthesis technique in preparing various nanostructures 










Fig. 1.2 SEM images of various copper telluride nanostructures hydrothermally 
grown in different reaction media: (a) DI water, (b) and (c) an aqueous CTAB 
solution (1.1 mmol CTAB in 15 mL DI water), and (d) an aqueous hydrazine solution 
(1 mL hydrazine in 14 mL DI water). The scale bars in (a), (c) and (d) are 2 μm. The 
scale bar in (b) is 10 μm.[Reproduce with permission from Wiley-VCH Verlag GmbH 
& Co. KGaA, ref.9] 
 
1.3 Unusual properties and applications of metal-oxide nanomaterials 
 It is widely agreed that nanotechnology will be the research focus that can lead to 
the next generation of breakthroughs in science and engineering. Nanotechnology will 
yield revolutionary advances in the understanding and application in at least two 
aspects: 
• Breakthrough in properties that arise from materials fabricated from the 
nanoscale. 
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• Synergistic behaviour that arise from the combination of disparate types of 
materials at the nanoscale. 
 
 
Thus, it is clear that nanoscale materials have different properties compared to 
their bulk materials. For example, in nanoparticles derived from semiconductors, their 
electronic behaviour is governed by quantum physics (hence ‘quantum dots’). The 
absorption of light at one wavelength leads to emission at slightly lower energy. The 








Fig. 1.3 Fluorescence micrograph of a mixture of CdSe/ZnS quantum dot tagged 
beads emitting single-colour signals at 484, 508, 547, 575 and 611 nm. [Reproduce 
with permission Nature Publishing Group, ref.11] 
  
Metal-oxide nanomaterials exhibit different properties from their parent bulk 
materials due to their low dimensionality and large surface to volume ratio. The 
mechanical properties of 1D ZnO nanowires and nanobelts have been studied recently 
by Wang et al. and Chen et al.[12,13] The Young’s modulus of the nanowires were 
found to be much larger than that of bulk ZnO. Besides, the nanowires also exhibit 
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large fracture strains and thus high strength which is attributed to the lack of defects. 
Using an atomic force microscope instrument in contact mode as shown in Fig. 1.4, 






Fig. 1.4 Schematic illustration of AFM tip scanning across a nanowire for elastic 
properties measurement.[Reproduce with permission from Wiley-VCH Verlag GmbH 
& Co. KGaA, ref.14] 
 
The optical properties of metal-oxide nanostructures such as Ga2O3 nanowires 
were also extensively studied by photoluminescence and catholuminescence.[15-17] 
Most of the investigations show that a broad blue-green emission is observed, as 
shown in Fig. 1.5. This originates from the recombination of an electron on a donor 






Fig. 1.5 Temperature dependence photoluminescence of Ga2O3 nanowires.[Reproduce 
with permission from American Institute of Physics, ref.15] 
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ZnO, which has a large exciton binding energy (60 meV) is also another 
promising nanomaterial in optoelectronics. Due to its large energy bandgap and 
exciton binding energy, ZnO nanostructures are especially suitable for short 
wavelength optoelectronic applications. Fig. 1.6 shows the photoluminescence of ZnO 
nanowires with diameters of 100 nm, 50 nm and 25 nm.[18] Continuous reduction of 
the diameter of ZnO nanowires results in quantum size effects which manifests in the 
blue shift of band-edge emission in the photoluminescence spectra. Thus, ZnO is an 









Fig. 1.6 Photoluminescence of ZnO nanowires with diameters of 100 nm (A), 50 nm 
(B) and 25 nm (C).[Reproduce with permission from Wiley-VCH Verlag GmbH & 
Co. KGaA, ref.18] 
 
 Metal-oxide nanowires are promising for the fabrication of nanoscale transistors. 
As demonstrated in Fig. 1.7, the conductance of In2O3 nanowires increases with the 
increase of back gate voltage.[19] Using the transconductance obtained from the I-Vg 
 
 8
curve, an electron mobility of 98.1 cm2/Vs and quasi 1D carrier concentration of 2.3 x 







Fig. 1.7 Gate-dependent I-V curves measured at room temperature. The lower inset 
shows the current vs. gate coltage at VDS = 0.32 V. The gate modulates the current by 
five orders of magnitude. The upper-left inset is an AFM image of the In2O3 nanowire 
between two electrodes.[Reproduce with permission from American Institute of 
Physics, ref.19] 
Vertical aligned ZnO nanowires are also suitable candidates for the fabrication 
of large density vertical field-effect transistor (FET).[20] These vertical nanowires 
were surrounded with SiO2 and Cr which can function as gate oxide and gate 
electrode respectively, as illustrated in Fig. 1.8a. Fig. 1.8b shows the drain current 
versus absolute deviation of gate voltage (Vgs) from threshold voltage (Vth) for both 















Fig. 1.8 (a) A 3D schematic illustrating the critical components of a VSG-FET. (b) 
I-V characteristics for two n- and p- channel VSG-FETs. The inset shows a 
cross-sectional image of a VSG-FET with a channel length about 200nm. Scale bar: 
200nm.[Reproduce with permission from The American Chemical Society, ref.20] 
 
Chemical sensing is probably the most important and well-known property of 
metal oxide materials. In addition to the sensitivity to light and pressure, metal oxides 
demonstrate high sensitivity to their chemical environment. With a large 
surface-to-volume ratio and a Debye length comparable to the nanowire radius, the 
electronic property of the nanowires is strongly influenced by surface processes, 
yielding superior sensitivity compared to their thin film counterparts. 
 
Tin oxide has been intensively studied as a chemical sensor. In a number of 
reports, SnO2 nanowire and nanobelt sensors were used to detect O2[21], CO[22,23] 
and H2[23]. Kolmakov et al. even proposed an enhanced SnO2 nanowire gas sensor 
for O2 and H2 by depositing functional Pd particles onto the nanostructured 
surface.[24] Several studies on In2O3 nanowire sensing of ethanol, NH3, NO2 have 
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been reported.[25,26] In particular, the detection of NO2 down to 5ppb levels at room 
temperature has been achieved.[27] More importantly, strong sensing selectivity of 
V2O5 nanobelts in sensing ethanol vapor was demonstrated by Liu et al..[28]  
 
Certainly the potential of metal-oxide nanostrucutres does not end here. Other 
promising device applications such as electron field emitters, solar cells and light 
emitting diodes have also been demonstrated. In summary, there is much new science 
that awaits elucidation especially in the quantum behaviours of the nanocomposites. 
The development of devices based on the unique quantum properties will lead to 
significant technological advancement. 
 
1.4 Aim of Projects 
 As discussed in the preceding sections, owing to the wide range of excellent 
properties, metal oxide nanocomposites have been identified for a variety of 
applications. However, a novel synthesis method is needed to simplify all the 
fabrication steps. There are a few important issues that need to be addressed: 
1. Large scale uniform synthesis 
2. Low temperature (not more than 100 ºC) synthesis process 
3. Simple and direct fabrication process 
4. Resonably high sample growth rate 
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In this project, we propose two direct fabrication methods to achieve large scale 
uniform synthesis of various metal oxide nanostructures. The first part of the thesis 
describes the synthesis of Fe3O4 and ZnO nanosheets. The nanosheets were 
synthesized by simply oxidizing Fe and Zn substrate in acidic solution on a hotplate at 
70 ºC. The samples were characterized by SEM, TEM, micro-Raman and XRD 
techniques. The magnetic and electron field emission performance of the nanosheets 
were also studied.  
 
 In the second part of the thesis, we report the synthesis of FeOOH nanowalls by 
an electrochemistry approach at room temperature. The morphologies and chemical 
composition of the nanowalls were characterized by SEM, TEM, XPS and FTIR. 
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Chapter 2 Experimental and Analytical Techniques 
 
 In this chapter, I shall introduce the various experimental techniques and 
characterization methods that were used in the projects. A brief overview of their 
principles will also be included. 
 
2.1 Synthesis Techniques 
2.1.1 Hydrothermal Process 
 The hydrothermal method is a low temperature process for the preparation of 
nanophase materials of different sizes and shapes. It is basically heating of an ionic 
solution which contains the materials to be synthesized in a closed system. Thus, this 
method saves energy and is environmental friendly.[1] The process temperatures can 
range from room temperature to few hundreds of ºC. 
 
2.1.2 Electrochemical Process 
 Electrochemistry covers all phenomena in which a chemical change is caused by 
electric forces and, vice versa, where an electric force is generated by chemical 
processes. Many of these phenomena occur at interfaces between electronic and 
electrolytic conductors where the passage of electric charge is connected with a 
chemical reaction, a so-called redox reaction. The rate of such a reaction can be 
monitored with great sensitivity as an electric current.[2] 
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Electrochemical experiments are performed in electrolysis cells which consist of 
two electrodes in contact with an electrolyte. The electrodes are electronic conductors 
which can be connected to a voltage source in order to drive an electric current 
through the electrolyte. Faraday’s law tells us that the chemical change resulting from 
the current is proportional to the amount of electricity having passed through the cell 




dm •= 1                (2.1) 
where m is the number of chemical equivalents, 
t the time 
F the Faraday constant, and 
I the current (C · s-1)  
The value of the Faraday constant is F = 96,485 C/mole equivalent, corresponding 
with the charge of 1 mole of electrons.[3] 
  
The electrolyte contains at least two types of ions with opposite charge. Cations 
move to the cathode, anions to the anode. If they are not consumed at the respective 
electrode at the same rate as they arrive there by ionic migration, they accumulate or 
deplete in front of this electrode and the composition of the electrolyte changes in the 
region close to both electrodes in opposite directions. 
 
Electrochemical preparation of the nanowalls on the substrate of Fe foil was 
performed using a CHI 660A electrochemical workstation (CH instruments Inc., USA) 
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in a three-electrode arrangement, including a working electrode (the Fe foil), a 
platinum counter electrode and a Ag|AgCl|KCl (3 M) reference electrode, at room 
temperature. All potentials are quoted with reference to the Ag|AgCl|KCl (3 M) 
electrode (+0.22 V vs Standard Hydrogen Electrode, S.H.E.) while the cathodic 
current is set as positive current. Electrolytes used included dilute HCl and KCl. 
 
2.1.3 Sputter Deposition of Metal Thin Films 
Principle of Sputter Deposition 
Sputtering is one of the most versatile techniques employed nowadays in thin film 
technology for preparing thin solid films of almost any material. Fig. 2.1 shows the 
schematic diagram of the sputtering process. Sputter deposition is a vacuum coating 
process. The mechanism of sputtering is quite simple. The charged ions in the Ar 
plasma diffuse into the Crookes dark zone, acquiring virtually all the energy from the 
voltage drop and hit the cathode (target) surface.[4,5] Thus, sputtering is a process 
whereby material is dislodged and ejected from the surface of a solid or a liquid due 
to the momentum exchange associated with the surface bombardment by energetic 
particles. The ejected atoms then condense onto the substrate to form a thin film. The 
angular distribution of the sputtered materials has been studied and found to follow 
the cosine law. This cosine law stated that the maximum emission of sputtered 
material from an emitting surface occurs along the direction which is perpendicular to 
the surface. The emission in any direction which is inclined at an angle θ, with 
regard to the surface normal, is less than this maximum emission by the cosine  
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Fig. 2.1: Schematic diagram of sputtering process 
 
Practically any material is a candidate for coating since the coating material is 
passed into the vapour phase by a physical rather than a chemical or thermal process. 
Sputtering methods are commonly used in the synthesis of thin films because of  
1) High deposition rate 
2) Capability to deposit and maintain the stoichiometry of the target 
3) Maintain well controlled and uniform deposition on large wafers 
4) Good reproducibility of films 
5) Good adhesion to the substrate  
  
  A Discovery-18 Deposition System was used in this research. It has three planar 
magnetron sputter sources with RF/DC capability, allowing multi-target sputtering to 












substrate stage. The pumping assembly comprises of one rotary pump acting as a 
roughing pump for initial pumping. The base pressure of the experiments is around 7 
x 10-7 Torr (high vacuum range).  
 
2.2 Characterization and Measurements Techniques 
2.2.1 Scanning Electron Microscopy (SEM)  
The SEM is the most widely used form of electron microscopes in the field of 
nanoscience for examining the morphologies of the nanostructures with submicron size 
features. SEM employs a finely focused electron beam that is scanned from point to 
point on the specimen surface in a precise rectangular pattern called a raster pattern.  
 
The electron beam travels down the microscope column where it undergoes a 
multi-step demagnification with electromagnetic condenser lenses so that when it 
ultimately impinges on the sample, the focused spot diameter can range from about 1 
nm to 1 μm. This beam size essentially determines the resolution. The beam is 
collimated by electromagnetic condenser lenses, focused by an objective lens, and is 
scanned across the surface of the sample by electromagnetic deflection coils. 
Secondary electrons are released from the surface of the sample, and are collected to 
provide the image of the sample. Emitted species include secondary electrons, 
backscattered electrons, Auger electrons and X-rays (Fig. 2.2), each being the result 
of a particular interaction between the incident electrons and the specimen, and 
provide different information about the specimen. They are released when the incident 
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electrons lose energy to the sample, in the process exciting various secondary 
emissions from the material.[6]  
 
A scintillation material that produces light flashes detects the secondary electrons. 
These light flashes are detected and amplified by a photomultiplier tube. Proper 
adjustment of the accelerating voltage, beam current and spot diameter is required for 









Fig. 2.2: Secondary emitted species utilized in SEM for imaging and characterization 
of sample 
 
2.2.2 Transmission Electron Microscope (TEM) 
The transmission electron microscope can be compared to a transmission optical 
microscope. Due to the De Broglie particle-wave duality principle, electrons have a 
wavelength just like light, although it is considerably shorter. A transmission electron 














wavelength that enables the operator to obtain fundamentally better resolution and 
substantially higher magnification. Most transmission electron microscopes have 
similar designs, and are composed of an electron source, a series of focusing and 
enlarging electromagnetic lenses and photographic systems.[7,8] The accelerating 
voltage and the specimen thickness determine the resolution, or clarity of detail, the 
instrument can produce.  
 
There are also two modes of imaging: dark field mode and bright field mode. In 
the bright field mode, the specular transmission beam is used. In this mode, normally 
perfect crystalline parts appear bright in the image while defects appear relatively 
dark. In the dark field mode, the defects, which are strong scatters of electrons, appear 
bright, making this mode useful for locating domains of a particular crystalline 
orientation.  
 
The TEM is a very powerful microscopic system that can achieve atomic 
resolution. Sample preparation is very important in order to obtain a high quality 
image. Samples must be very thin, of about a few hundred nanometers thick for 
sufficient transmittance. 
 
2.2.3 X-ray Diffraction (XRD) 
X-Ray diffraction provides information that cannot be obtained any other way. 
This information relates to the crystal lattice of the material, and can characterize the 
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crystalline phases present. It can also provide information pertaining to the degree of 
crystallization and the orientation texture.  
  
When a material is irradiated with a parallel beam of monochromatic X-rays, the 
atomic lattice of the sample acts as a 3-dimensional diffraction grating, causing the 
X-ray beam to be diffracted to specific angles related to the inter-atomic spacings, 
according to Bragg’s Law:[9,10] 
 sin 2d  n θλ =                 (2.2) 
where d is the distance between atomic layers in a crystal and θ is the diffraction 
angle. 
                 
For practical reasons the diffractometer measures the scattered x-ray at angle 
twice that of the θ angle from the incident beam. We call the measured angle '2-theta'. 
By measuring the angles of diffraction, the inter-atomic spacings of the material can 
be determined and used to identify the crystallographic structures of the material. 
  
2.2.4 X-ray Photoelectron Spectroscopy (XPS) 
Photoelectron spectroscopy utilizes photo-ionization and energy-dispersive 
analysis of the emitted photoelectrons to study the composition and electronic state of 
the surface region of a sample.  
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In XPS, the primary excitation is accomplished by irradiating the specimen with a 
source of monochromatic X-rays. The X-rays cause photoionisation of atoms in the 
specimen and energy spectrum of the emitted photoelectrons are measured. XPS relies 
on the photoelectric effect and is used for studying the inner core electrons. Mg Kα 
(1253.6 eV) or Al Kα (1486.6 eV) soft x-rays are normally used to irradiate the 
samples causing electrons to be emitted from the sample surface region by the 
photoelectric effect for detection and analysis.[11]  
 
The energy of a photon is given by the Einstein relation:  
E = hν               (2.3) 
where h - Planck constant ( 6.62 x 10-34 J s ) 
 ν - frequency (Hz) of the radiation 
 
The kinetic energies (Ek) of the emitted electrons are measured by an electron 
energy analyzer and the XPS spectrum obtained is usually a plot of the number of 
detected electrons per energy versus their binding energies (EB), given by: 
EK = hν - EB - Φs             (2.4) 
where Φs is the work function of the spectrometer. 
 
Fig. 2.3 shows the XPS photoemission process whereby an incoming photon 
causes the ejection of a photoelectron. The binding energy may be regarded as the 
energy difference between the initial and final states after the photoelectron has left 
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the atom. Since there are a variety of possible final states of the ions from each type of 
atom, there are a corresponding variety of kinetic energies (and hence EB) of the 
emitted electrons. Moreover, there is a different probability or cross-section for each 
final state. 
 
Since each element has a unique set of binding energies, XPS may be used to 
provide a chemical "fingerprint" of a surface. This is because the binding energies of 
the electrons in the core-levels are representative of the atomic species. Besides, it is 
worth pointing out that as the photoelectrons produced in XPS are incapable of 
passing through only about 1 – 5 nm of a solid without scattering, thus the data 












Figure 2.3: XPS photoemission process describing an incoming photon causes the 
ejection of a photoelectron. 
 
The precise binding energy of a core-level electron depends critically on its 






sufficiently affected by their chemical environment to cause detectable shifts (ranging 
from 0.1 to 10 eV or more in magnitude) in the measured photoelectron energy [12]. 
Chemical shifts arise from the variation of electrostatic screening experienced by core 
electrons as they are drawn towards or away from the atom of interest. XPS or 
Electron Spectroscopy for Chemical Analysis (ESCA) is widely used in analytical 
laboratories worldwide to investigate the chemical composition of thin film surfaces. 
 
2.2.5 Fourier-transform infrared spectroscopy (FTIR) 
Spectroscopy is the study of the interaction of electromagnetic radiation with 
matter. Electromagnetic radiation can be divided into different regions of energy that 
correspond to different spectroscopic techniques. The region from 4000 to 400 cm-1 is 
considered the mid-infrared or simply infrared region. 
 
Vibrational spectra of molecular bonds are usually measured by two very 
different techniques:  infrared spectroscopy and Raman spectroscopy.  In IR 
spectroscopy, light of many different frequencies is passed through a sample and the 
intensity of the transmitted light is measured at each frequency.[13]  At frequencies 
corresponding to vibrational energies of the sample, some light is absorbed and less 
light is transmitted than at frequencies which do not correspond to vibrational 
energies of the molecule.  By measuring the transmittance, or the ratio of the light 
passing through the sample to the light passing through a reference cell, an infrared 
spectrum is obtained.  
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 According to quantum mechanics, the electromagnetic radiation is described as 
particles (photons) with energy hν.[14] This photon energy may be absorbed or emitted 
by a molecule in which case the rotational, vibrational or electronic energy of the 
molecule will be changed by an amount δEm. According to the principle of conservation 
of energy, 
 δEm  =  hν              (2.5)          
  
 When the disturbing frequency (photon energy) matches the natural vibrational 
frequency of the molecule, the molecule absorbs the energy and increases its own 
vibrational energy by vibrating with increased amplitude. In a spectrometer the 
molecule is irradiated with a whole range of infrared frequencies but is only capable of 
absorbing radiation energy at certain specific frequencies, which match the natural 
vibrational frequencies of the molecule. 
  
 A spectrometer basically allows the determination of intensity over a range of 
wavelengths with a high-resolution of up to one wave number. The FTIR spectrometer, 
operating on the principle of the Michelson interferometer, is widely used in inorganic 
and organic materials bonding structure analysis due to its high sensitivity, resolution, 
and short collection time. 
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In this work, FTIR measurements were carried out in reflected mode on a computer 
controlled Shimadzu AIM-8800 spectrometer in the mid-IR region of 4000 to 800 cm-1 
with a resolution of 4 cm-1. 
 
2.2.6 Vibrating sample magnetometer (VSM) 
The vibrating sample magnetometer has become a widely used instrument for 
determining magnetic properties of a large variety of materials: diamagnetics, 
paramagnetics, ferromagnetics and antiferromagnetics. It analyzes the magnetism that 






Fig. 2.4 Schematic diagram of VSM. 
From the schematic diagram in Fig. 2.4, a sample is placed on a vibrator in the 
middle of large coils, which produce a magnetic field.  Smaller analysis coils are 
mounted next to the sample.  The sample is aligned with a crystal axis along the 
direction of the magnetism.  The magnet is vibrated vertically (perpendicular to the 
magnetic field).  The external field is adjusted stepwise from high positive field to 
zero then to a high negative value. Then the whole process is reversed. The analysis 
coils measure the field near the sample while computer analysis determines the field 
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within the sample. Using a vibrating sample magnetometer one can measure the 
magnetic moment as a function of temperature, magnetic field, angle and time. The 
magnetic moment is a vector relating the aligning torque in a magnetic field 
experienced by the object to the field vector itself. The relationship can be given by: 
B×= μτ                 (2.6) 
where τ is the torque, μ is the magnetic moment and B is the magnetic field. 
 
Hence, it allows one to perform susceptibility and magnetization studies. Some of 
the most common measurements carried out are: hysteresis loops, susceptibility or 
saturation magnetization as a function of temperature (thermomagnetic analysis), 
magnetization curves as a function of angle (anisotropy), and magnetization as a 
function of time.  
 
2.2.7 Photoluminescence (PL) 
Photoluminescence is the spontaneous emission of light from a material under 
optical excitation. This is a process by which a chemical compound absorbs a photon 
(electromagnetic radiation), thus transitioning to higher electronic state and then 
radiates a photon back out, returning to a lower energy state. In other words, when 
light of sufficient energy is incident on a material, photons are absorbed and 
electronic excitations are created. Eventually, these excitations relax and the electrons 
return to the ground state. If radiative relaxation occurs, the emitted light is called 
photoluminescence.[16,17]  
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The intensity and spectral content of this photoluminescence is a direct measure 
of various important material properties. More specifically, photo-excitation causes 
electrons within the material to move into permissible excited states. When these 
electrons return to their equilibrium states, the excess energy is released and may 
include the emission of light (a radiative process), or it may not (a nonradiative 
process). The energy of the emitted light or photoluminescence is related to the 
difference in energy levels between the two electron states involved in the transition, 
that is, between the excited state and the equilibrium state. The intensity of the 
emitted light is related to the relative contribution of the radiative process.[18] 
 
The photoluminescence energy associated with localized defect levels can be 
used to identify specific defects, and the amount of photoluminescence can be used to 
determine their concentration. As discussed above, the return to equilibrium, also 
known as recombination, can involve both radiative and nonradiative processes. The 
amount of photoluminescence and its dependence on the level of photo-excitation and 
temperature are directly related to the dominant recombination process. Analysis of 
photoluminescence helps to elucidate the underlying physics of the recombination 
mechanism. In this research project, room temperature PL measurements were 
performed using a Renishaw Raman spectrometer with laser at 514.5 nm wavelength. 
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Metal-based nanostructures have attracted much attention due to their 
potential applications in different areas including the electronics[1,2], optical[3] and 
biological[4] industries. Low dimensional nanomaterials, such as nanorods, 
nanosheets, nanobelts and nanowires, display unique properties different from their 
bulk phases due to their large surface-to-volume ratio and small size. Ross proposed 
that self-assembled arrays of magnetic nanostuctures are needed for the production of 
future data storage devices with densities up to 150 Gbit/cm2.[5] Recently, Martorana 
et al. fabricated micrometer scale ferromagnetic iron (Fe) spheres for magnetic 
encoder applications.[6] Besides data storage applications, magnetic nanoparticles 
have also been extensively studied in the biomedical field. Dickson et al. introduced a 
method to synthesize a biocompatible ferrofluid known as magnetoferritin.[7] 
Magnetoferritin is a colloidal solution containing iron oxide magnetic nanoparticles 
that can be used to detect membrane modifications associated with malaria or 
Alzheimer’s disease.[8]  
  
Magnetite (Fe3O4) and zinc oxide (ZnO) nanostructures are two interesting 
nanomaterials with unique properties. Fe3O4 is a ferromagnetic material with Curie 
temperature of about 580 °C. It is known to be one of the most magnetic minerals 
with spin polarization close to 100% as per band-structure calculations. Thus, Fe3O4 is 
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a promising material for many magnetic-related applications. The discovery of its gas 
sensing ability and applications in lithium-ion batteries have highlighted the need for 
a more effective fabrication approach.[9-11] ZnO is a wide band-gap semiconductor 
with a band gap energy of 3.37 eV with large exciton binding energy (60 meV).[12] 
Besides high chemical stability, it is reported that ZnO nanorods, nanobelts and 
nanowires exhibite interesting ultraviolet (UV) photoluminescence emission and high 
electron emission under relatively low applied electric fields.[13,14], ZnO is therefore 
an excellent candidate for future commercial UV laser diodes and electron field 
emission devices. 
 
Over the past decades, researchers have proposed several fabrication and 
synthesis approaches encompassing both physical and chemical methods such as 
sol-gel methods, thermal oxidation, hydrothermal synthesis, and chemical vapour 
deposition. However, most of these techniques involve unfavorable high growth 
temperatures (300 – 1000 °C) and long growth times.[14-17] With the widespread 
applications of metal-oxide nanomaterials, the challenge is to obtain new and practical 
ways to synthesize low-dimensional nanostructures at low formation temperatures and 
reasonable process times.  
  
In this project, we introduce a novel bottom-up technique to prepare good 
quality and homogeneous Fe3O4 nanosheets on Fe substrate in large-scale. Compared 
to previously proposed techniques, this method demonstrates an industrially scalable 
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low temperature process with rapid growth rate.[18-20] The synthesis method yielded 
uniform nanosheet-like structures about a micrometer in length and 20 – 40 nm in 
thickness, self-assembled on the substrate. We also further extended the technique to 
prepare uniform self-assembled ZnO nanosheets on Zn substrate. The chemical 
oxidation process is rather similar to other Fe3O4 and ZnO nanostructures grown by 
the conventional solution-phase hydrothermal technique.[21-23] In most conventional 
hydrothermal processes, the end products are usually in powder form. This limits the 
utilization of the products in many applications such as gas sensing, electron field 
emission, magnetic data storage and supercapacitors which require the 
nanocomposites to adhere securely onto the substrate surface. In order to grow the 
nanomaterials directly on a substrate, the conventional way is to deposit an additional 
seed layer on the substrate surface before growth. However, the coating of the 
substrate with a thin film involves multi-step processes and is more complex. 
 
3.2 Experimental details 
 We synthesized Fe3O4 nanosheets by oxidizing Fe substrates in acidic solution on 
a hotplate. Pure Fe foils (99.5% purity, Goodfellow) with a thickness of 0.5 mm and a 
dimension of 2 x 2 cm2 were polished with sandpaper (360 grits), rinsed with distilled 
water and then dried. The acidic solution used was prepared by adding 0.04 ml of 25 
% hydrochloric acid (HCl) to 900 ml of 0.1 M potassium chloride (KCl). The pH of 
the solution was adjusted to be around 3 as indicated by pH paper (Universalindikator, 
Merck).  
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To prepare Fe3O4 nanosheets on Fe substrates, 10 ml of the solution was 
loaded into a glass beaker and then heated to around 70 °C by a hotplate. The Fe 
substrate was then immersed into the solution, providing the Fe source for Fe3O4 
nanosheet formation. A magnetic bar rotated at a rate of 120 rpm provided continuous 
stirring to the solution during the growth processes. After 24 hours, the beaker was 
removed from the hotplate and cooled in ambient. The as-grown sample with dark 
green surface colour (presumably due to the hydrated magnetite or green-rust) was 
then immersed into 50 ml of distilled water for about 1 hour before drying in N2 
environment and kept in a dry cabinet.  
  
The morphology of the synthesized nanosheets was characterized with a JEOL 
JSM-6400F field emission scanning electron microscope (FE-SEM), operating at 5 
kV in high vacuum. X-ray diffraction (XRD) and micro Raman spectroscopy were 
utilized to analyse the chemical composition and crystallographic structure of the 
nanocomposites. The XRD patterns were recorded on a BRUKER D8 Advance X-ray 
Diffractometer using Cu Kα radiation (λ = 1.54187 Ǻ), scanning in the 2θ range of 20 
– 90 ° for about 3 hours while Raman spectra were measured by a computer 
controlled Renishaw system at 532 nm wavelength. Crystalline structures of the 
nanosheets were also studied with a JEOL JEM-3010F Transmission Electron 
Microscope (TEM) operating at 300 kV in high vacuum. Magnetization of the sample 
was characterized in a Lake Shore 7400 series vibrating sample magnetometer (VSM) 
at room temperature.  
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3.3 Results and Discussion 
3.3.1 As-grown Fe3O4 nanosheets 
Fig. 3.1(a) and (b) shows the optical photographs of the substrate before and 
after growth. The shiny Fe surface turned uniformly to dark/black colour after 
treatment for 24 hours, suggesting the formation of magnetite (Fe3O4) on the Fe 
surface, rather than other phases of iron oxide such as Fe2O3. The corresponding SEM 
images of the Fe substrate and as-grown Fe3O4 nanosheets at 70 °C in acidic solution 













Fig. 3.1 Optical photographs of Fe substrate (a) before; (b) after treated for 24 hours 
in acidic solution. (c) and (d) are the corresponding SEM images of the Fe substrate 





The SEM observations reveal the formation of dense nanosheet-like structures 
on the Fe substrate surface. Unlike conventional hydrothermal techniques, the 
nanosheets grown here are anchored naturally and securely on the substrate surface 
even without the deposition of an additional seed layer on the surface before the 
process. The edges of the nanosheets are irregular and the lengths of the nanosheets 
are in the region of a micrometer, with thicknesses of a few tenths of nanometers. To 
analyse the composition and crystal structures of the nanosheets, the sample was 
subjected to XRD measurements. Fig. 3.2 shows typical XRD peaks of both Fe 
substrate (grey line) and as-synthesized sample (dark line). Magnetite is believed to 
be the major crystalline phase for the synthesized nanosheets as identified by the new 
diffraction peaks at 30.2°, 35.6°, 43.3°, 57.3° and 62.9°. These peaks correspond to 5 
indexed planes (220), (311), (400), (511) and (440) respectively of magnetite. The 
positions and the relative intensity ratios of the diffraction peaks match those of 








Fig. 3.2 X-ray diffraction patterns of the Fe substrate and Fe3O4 nanosheets.      












Fig. 3.3 Raman spectrum of as-grown nanosheets. The observed 2 peaks illustrated 
the formation of magnetite nanocomposite on Fe substrate 
 
To further investigate the composition and the nature of the as-grown iron 
oxide nanosheets, micro Raman spectroscopy was carried out in 450 – 750 cm-1 range 
and the spectrum is shown in Fig. 3.3. The strongest peak is at 670 cm-1 which is 
attributed to the A1g mode of magnetite, according to Phase et al.[26] We also 
observed a weaker T2g mode near 540 cm-1. These are the 2 main characteristic peaks 
for magnetite.[27,28] 
 
A possible mechanism for the formation of magnetite nanosheets is proposed. 
When the Fe substrate is immersed in the acidic solution, iron will pass into solution, 
usually as ferrous ions (Fe2+). Under an oxygen-deficient environment, ferrous 
hydroxide or Fe(OH)2 forms.[29] Intermediate oxidation products of ferrous 
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hydroxide such as dark green hydrated magnetite, a mixture of Fe3+ and Fe2+ ions, 
also form and self-assemble on the substrate surface. Although black magnetite 
normally forms at the pH range from 7 to 12, some reports demonstrate magnetite 
formation at pH < 7; hence the unstable dark green hydrated magnetite sample 
transforms to stable black magnetite when immersed in distilled water.[30] The 
proposed sequence of reactions is: 
 
Fe →  Fe2+ +  2e-            (3.1) 
Fe2+ + 2OH- →  Fe(OH)2           (3.2) 
6Fe(OH)2 + O2 →  4H2O + 2Fe3O4.H2O       (3.3) 
Fe3O4.H2O →  H2O + Fe3O4          (3.4) 
 
3.3.2 The effect of oxygen flow on nanosheets growth 
 This approach is a simple, low temperature process to grow 2D magnetite 
nanostructures; however the major disadvantage of this approach is the long growth 
time. To expedite the growth of magnetite with this technique, we introduced pure 
oxygen bubbles at a flow rate of 150 sccm to the solution keeping other experimental 
parameters unchanged. We found that the Fe surface turned quickly to dark green 
within 15 minutes. The sample was immersed in distilled water to form stable black 
magnetite before being dried and kept for subsequent characterization. The 
morphology and chemical composition of the sample were analyzed by SEM and 
XRD respectively. The XRD pattern was similar to that of the Fe3O4 nanosheets in 
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Fig. 3.2, and the SEM images in Fig. 3.4 (a) and (b) revealed a high density of 
uniform nanosheets on the Fe substrate. This shows that a higher oxygen content in 
the solution helps to accelerate the oxidation of Fe and subsequently shorten the 
growth duration to only 15 minutes. This observation is consistent with reports from 
Ishikawa et al. and Chung et al. that the presence of free oxygen and chlorine ions are 
essential for the formation of iron oxyhydroxide, FeOOH, which subsequently forms 








Fig. 3.4 (a) Low magnification; (b) High magnification SEM images of the Fe3O4 
nanosheets grown with introduced oxygen bubbles. 
 
The TEM image in Fig. 3.5a clearly shows the crystallinity of the nanosheets. 
For TEM characterization, the samples were sonicated in ethanol for a minute to 
extract the nanosheets from Fe foil. A drop of the solution was then left to dry on a 
TEM copper grid with a thin layer of carbon film. The grid was dried quickly and 
mounted on the analysis holder of the TEM chamber. Since the nanosheets are very 
thin (nanometer range), it is almost transparent under high energy electron beam. The 
lattice fringes of the nanosheets is measured to be around 0.295 nm which 
a) b) 
 40
corresponds to the (220) plane of magnetite.[33,34] The selected area electron 
diffraction (SAED) pattern depicted in Fig. 3.5b confirmed the magnetite to be 
poly-crystalline. The diffraction pattern was also consistent with XRD result. The 
chemical composition of the nanostructures was analysed simultaneously with energy 
dispersive X-ray spectroscopy (EDX). EDX characterization in Fig. 3.5c revealed that 
the nanosheets consist only 2 elements, ie. iron and oxygen. The atomic ratio of Fe:O 

























Fig. 3.5 (a) TEM image of as-grown nanosheet; (b) Selected area electron diffraction 
pattern and (c) The corresponding electron dispersive X-ray spectrum. 
 
3.3.3 Magnetic properties of magnetite nanostructures 
 Magnetite is classified as one of the most magnetic minerals on earth. However, 
the as-grown Fe3O4 nanosheets on Fe substrates are not suitable for VSM studies as 
the magnetic property of bulk Fe is much stronger than the surface nanosheets. 
Therefore, to prepare the magnetite for magnetic characterization, a 2.6 μm thick Fe 
thin film was deposited onto Si substrate by radio-frequency magnetron sputtering. 
The Fe thin film was then treated in acidic solution, similar to the earlier process for 
synthesizing Fe3O4 nanosheets under continuous O2 flow. Similar to the case for Fe 
substrate, the Fe thin film changed to dark/black colour. From the SEM observations 
illustrated in Fig. 3.6a, nanoporous-like structures instead of nanosheets were formed 
throughout the film surface. This may due to the fact that the density of the sputtered 
iron film is usually less than that of iron foil. Therefore during the acid treatment, the 
reactivity of these two iron materials with the acid is anticipated to be different and 
this may give rise to the resultant change in the morphology of the final product. 
c) 
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Micro Raman spectroscopy was employed to determine the composition of the 
nanoporous structures. Fig. 3.6b shows the typical Raman spectrum of as-prepared 
nanoporous structures on Si. For comparison, the Raman spectrum of magnetite 
nanosheets was also included in the figure. Both spectra revealed the strong 
characteristic peak of magnetite near 670 cm-1. This suggested that the nanoporous 
structures composed mainly of Fe3O4, although no visible peak was recorded at 540 


























Fig. 3.6 (a) Formation of nanoporous-like structure on Si substrate for magnetic 
characterizations. (b) Raman spectra of magnetite nanosheets (grey box) and 
nanoporous (blue circle). The strong characteristic peak of magnetite at 670 cm-1 
revealed that the nanoporous composed mainly of Fe3O4. 
 
 The magnetic hysteresis curves of the magnetite nanoporous structures are 
presented in Fig. 3.7. The magnetic measurements were performed at room 
temperature using a -20 kOe to +20 kOe magnetic field applied parallel and 
perpendicularly to the surface of the sample. The sample exhibits ferromagnetic 
behavior with magnetization (Ms) close to 370 emu/cm3 at 20 kOe. This 
magnetization value is smaller than that of bulk single crystal of Fe3O4 (471 emu/cm3) 
but higher than as-sputtered Fe3O4 thin film (280 emu/cm3).[36-38]  
 
In comparison with bulk Fe3O4, the small Ms value of our magnetite suggested 
the existence of disordered atoms in the nanoporous structures. It is also believed that 
the size, shape and structure of the magnetite are related to the magnetic behavior of 
the samples.[39] For example, Wu et al. found that saturation magnetization and 
b) 
 44
coercivity of FeCo nanoparticles vary with particle size. According to the their 
findings, the size dependence of the coercivity is related to the domain structure of the 
particles.[40] The measured Ms value also indicated that most of the Fe film had been 
evolved to Fe3O4. If a large portion of the sample remained as Fe, then we would 
expect the VSM studies to be dominated by the Fe thin film with Ms value close to 
1600 emu/cm3.[41] 
 
Fig. 3.7 Magnetic hysteresis loop of as-synthesized Fe3O4 on Si substrate measured at 
room temperature with fields applied perpendicular (solid line) and perpendicular 
(dashed line) to the sample surface. The remanent magnetization and coercivity values 
are shown in the inset. 
 
From the hysteresis loops, we can see that there are obvious differences 
between the two hysteresis loops. The parallel axis is the easy axis for magnetization 
due to its lower magnetic saturation field (about 7kOe) compared to the perpendicular 
axis (about 13 kOe). When the applied field is perpendicular to the sample surface, 
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the inset in Fig. 3.7 shows that the remanent magnetization (Mr) and coercivity (Hc) of 
the sample are about 30 emu/cm3 and 500 Oe respectively. These values become 60 
emu/cm3 and 190 Oe when the magnetic field is parallel to the surface plane. Using 
Bloch law,[42] which is a spin wave model which helps in predicting the dependence 
of Ms on the temperature T, a saturation magnetization value for T = 0 K, Ms(0), can 
be estimated as ~ 390 emu/cm3. The Bloch law takes the following form: 
 
Ms(T) = Ms(0) (1 - BTα )             (3.5) 
 
where the parameters B and α  are Bloch constant (5.54 x 10-7 K-2 for Fe3O4) and 
Bloch exponent (2 for  Fe3O4) respectively.[42] 
 
3.3.4 Growth of ZnO nanosheets under oxygen flow 
We extended this method to grow zinc oxide (ZnO) nanosheets on Zn 
substrates. The synthesis routes are exactly the same as that used for Fe3O4 nanosheets 
prepared under an O2 rich environment. Fig. 3.8(a), (b) and (c) show the SEM images 
of the as-grown ZnO nanosheets after 30, 60 and 90 minute growth times, 
respectively. It is observed that nanosheets with average length of a micrometer start 
to form on the substrate surface after immersion in solution for 30 minutes. High 
densities of nanosheets are closely packed on the substrate after 60 and 90 minutes 
reaction time. The dimensions of these paper-like planar nanostructures are typically 
10 μm in length and 120 nm in thickness, as shown in Fig. 3.8(c). The 
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photoluminescence (PL) spectrum (Fig. 3.8d) recorded under 325 nm excitation 
wavelength indicates that there are significant defects on the nanosheets. 
Photoluminescence is the emission of light from a material under optical excitation. 
The UV peak at 381 nm is ascribed to the near-band-edge exciton recombination 
while the broad yellow-red emission band is most likely attributed to the defects 
related to oxygen vacancies.[43] This visible band consists of at least 4 sub-peaks, 
resulting from the local levels in the bandgap of ZnO. Two peaks near 600 nm and 
625 nm are possibly caused by the monovalent vacancies of zinc and oxygen in 
ZnO.[44] The red peak near 660 nm is attributed to the single and double ionized 
oxygen vacancies.[45,46] However, the origin of peak near 572 nm has been rarely 
mentioned in the literature and still unclear. Nevertheless, these results demonstrate 
the feasibility of this simple growth technique for the preparation of various 
metal-oxide nanostructures.  
 
 It is noted that the nanomaterials produced from our new growth method are both 
2D nanocomposites. We believe that with careful parameters control, other low 
dimensional nanostructures such as nanorods can be obtained. It is believed that the 
growth mode is dependent on the interfacial energy between the substrate and the new 
phase to be formed.[47] Without surface modification, the free energy of 
crystallization on the native substrate interface will be low thus inducing 2D growth. 
Sounart et al. showed that by controlling various additive concentrations in the 
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Fig. 3.8 (a-c) SEM images of ZnO nanosheets on Zn substrate surface after 30, 60 and 
90 minutes reaction time. The inset in (c) shows the high magnification image of ZnO 




 Uniform black 2D Fe3O4 nanosheets can be synthesized quickly on Fe substrates 
by immersing the substrate into a 70 °C acidic solution containing HCl and KCl under 
an O2 rich environment. The morphologies and chemical compositions of the 




Raman while VSM was used to study their magnetic properties. Unlike other methods, 
this technique provides an alternative low temperature and simple route for preparing 
nanostructured material on substrates on a large-scale. Furthermore, the required 
growth duration can be shortened from 24 hours to 15 minutes by creating an 
oxygen-rich medium. We demonstrate the possibility of extending the method to other 
metal-oxide nanostructures by obtaining high densities of ZnO nanosheets on Zn 
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Metal oxide nanomaterials are important members in nanostructures family. In 
particular, a wide variety of iron (Fe) oxide and oxyhydroxide nanostructures such as 
nanorods, nanoparticles, nanotubes and nanoflakes have been synthesized by both 
physical and chemical methods.[1-4] As example, some of the current solution-based 
protocols in vogue for the synthesis of iron oxide materials include sol-gel methods,[5] 
forced hydrolysis,[6] hydrothermal synthesis,[7] and electrochemical technique.[8]  
These low dimensional metal oxide nanostructures are good candidates for magnetic 
sensors, electrodes for lithium-ion-batteries, data storage and catalyst applications due 
to its magnetic properties and high surface area that can be exposed to gaseous 
environments.  
 
Among the wide variety of synthesis techniques, electrochemical is one of the 
most common methods used to synthesize metal and metal hydroxide 
nanoparticles.[9-11] Green rust, or Fe(II)-Fe(III) hydroxyl-salts prepared 
electrochemically in both acidic and alkaline solution, is often synthesized as an 
intermediate product for preparation of iron oxide or oxyhydroxide nanopowders such 
as FeOOH, Fe2O3 and Fe3O4. The electrolyte used is generally a mixture of few 
different chemical solutions which results in impurities problem on the sample. Thus, 
further oxidation or chemical treatments of the as-synthesized green rust are needed to 
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obtain a high purity of iron oxide or oxyhydroxide materials. Peulon et al. reported 
the electrodeposition of different thin layers of goethite (α-FeOOH) or magnetite (FeII 
Fe2III O4) by electrochemically changing the metal oxidation state of green rust[12] 
while Schneider et al. also successfully synthesized γ-FeOOH nanometer films by 
additional chemical oxidation of green rust.[13] 
 
On the other hand, it is still important to develop a method with more practical 
attributes such as mass production, rapid growth, low-formation temperature and 
reasonably low costs. In this work, we demonstrate a new direct method for large area 
formation of FeOOH nanowalls. Unlike earlier reports as shown in Ref. 12 and 13, we 
use an iron substrate as the working electrode in our three-electrode electrochemical 
system under ambient conditions. This Fe substrate provides the raw Fe ion needed 
for FeOOH nanowalls formation. As the electrolyte used here, KCl, does not contain 
other impurity ions such as carbon, high purity FeOOH nanowalls can be obtained 
without additional oxidation process needed. With this method, the average length of 
the nanowalls can also be varied from 160 nm to 450 nm depending on the process 
conditions.  
 
4.2 Experimental details 
 The electrochemical system used in this project is a three-electrode 
electrochemical workstation. The working electrode was a pure Fe foil (99.5%, 
Goodfellow) with thickness of 0.5 mm and dimension of 1 x 1 cm2. Before each 
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experiment, the foil was polished with sandpaper (320 grits), rinsed with distilled 
water and dried. Electrochemical preparation of the nanowalls on the substrate of Fe 
foil was performed using a CHI 660A electrochemical workstation (CH instruments 
Inc., USA) in a three-electrode arrangement, including a working electrode (the Fe 
foil), a platinum counter electrode and a Ag|AgCl|KCl (3 M) reference electrode, at 
room temperature (Schematic fig. 4.1). All potentials are quoted with reference to the 
Ag|AgCl|KCl (3 M) electrode (+0.22 V vs Standard Hydrogen Electrode, S.H.E.) 
while the cathodic current is set as positive current. 
 
Fig. 4.1 Photograph of the CH instruments Inc. 660A Electrochemical workstation. 
  
         The FeOOH nanowalls were grown on the Fe substrate by applying a 
program of cyclic potentiostatic pulses, from +0.5 V to -0.7 V, in the electrolyte of 
0.1 M KCl. During the process of electrochemical preparation, the electrolyte was 
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stirred with a magnetic bar at a rate of 200 rpm. The potential was initially set at +0.5 
V for 2 seconds; it was then stepped to -0.7 V for 100 seconds. This process was 
repeated for 3 different samples, for 2 cycles, 6 cycles and 15 cycles respectively. The 
as-grown samples were then cleaned with distilled water and kept in a dry cabinet for 
further characterizations. 
 
Field emission scanning electron microscope (FE-SEM), X-ray photoelectron 
spectroscopy (XPS), Fourier transform infra-red spectroscopy (FTIR) and 
transmission electron microscopy (TEM) were used to characterize the synthesized 
nanowalls. 
 
4.3. Results and Discussions 
4.3.1 Electrochemical Process 
As mentioned earlier, the nanowalls were grown by applying a program of 
cyclic potentiostatic pulses on the Fe substrate. Fig. 4.2a shows 1 process cycle of 
potentiostatic pulse: 2 s at potential of +0.5 V and 100 s at potential -0.7 V. The 
process was repeated for 2, 6 and 15 cycles in this experiment. The typical 
charge-time (C-T) transient obtained during the electrochemical potentiostatic process 

























Figure 4.2 (a) Schematic diagram for 1 process cycle of potentiostatic pulse. The 
corresponding Charge-Time (C-T) curve obtained during the electrochemical process 






At the onset of the chronocoulometry, the charge curve dropped linearly in 
negative region (Fig. 4.2b). This indicates that the anodic current is positive (as 
cathodic current was set as positive current in the system) and the Fe substrate surface 
was etched and ionized when the potential of +0.5 V was applied to the working 
electrode. The applied potential can enhances oxidation of Fe to Fe2+ and Fe3+ ions. 
The oxidation potential, E values (vs AgCl/Ag reference electrode), under standard 
conditions for the oxidation processes are +0.66 and +0.26 V respectively. This shows 
that Fe exhibits great tendency to lose electrons and form Fe2+ and Fe3+ ions. Gas 
bubbles (believed to be mainly H2 gas) were also formed at the counter electrode 




Minimal electrodeposition can also occur during this period. The Fe(III) may 
deposited at the surface of Fe substrate in the form of FeOOH. However, since the 
solubility of Fe2+ and Fe3+ are weak, some brownish precipitations were found in the 
aqueous solution, as shown in Fig. 4.3.[12] A control experiment with Fe substrate was 
done at constant +0.5 V, without stepped to -0.7 V. The present of nanowalls 
deposition on this sample was verified with SEM characterization. However, the 
density of nanowalls is lesser compared to the sample grown under normal condition.   
 
 
Fe → Fe2+ + 2e -                 E = +0.66 V 


















Fig. 4.3 Optical colour of electrolyte for (a) before; (b) after electrochemical process. 
Some brownish precipitations were found in the aqueous solution at the end of the 
process due to low solubility of Fe2+ and Fe3+ ions. 
 
 
When the potential was stepped to -0.7 V, the charge in the chronocoulometry 
graph (Fig. 4.2c) rises to positive values. According to the findings of Peulon et al. 
and Chung et al., the Fe(II) in the solution will be oxidized to Fe(III) during this 
period.[12, 14] Water, however, will undergo reduction process near the working 




ions will become insoluble and precipitates as stable iron corrosion product, FeOOH, 
at the Fe substrate surface.[14] In fact, FeOOH is classified as one of the most stable 
iron corrosion products. The reaction to form FeOOH is believed to be spontaneous as 
the free energy for the formation of FeOOH is low, about -500 kJ/mol.[15] Thus, a 
uniform yellowish brown layer (FeOOH nanowalls) was formed on the surface of the 












Fig. 4.4 Optical image of Fe substrate (area: 2cm2) after electrochemical process. 
 
4.3.2 Morphologies and Chemical Composition of As-grown Nanowalls 
The morphologies and crystalline structure of the synthesized FeOOH 
nanowalls were studied with a JEOL JSM-6400F SEM operating at 5 kV accelerating 
voltage. In order to confirm the composition of the nanowalls, TEM measurements 
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were also performed with a JEOL JEM-3010F TEM operating at 300 kV in high 
vacuum. Before TEM characterization, the samples were sonicated in distilled water 
for a minute to extract the nanowalls from Fe foils. A drop of the solution was then 
left to dry on a TEM Cu grid with a thin layer of carbon film. The grid was dried 
quickly and mounted on the analysis holder of the TEM chamber. The SEM images of 
the as-grown samples are presented in Fig. 4.5a to 4.5c for samples using the 
2-process cycles (FeOOH-2), 6-process cycles (FeOOH-6) and 15-process cycles 
(FeOOH-15) respectively. They clearly show that nanowall-like morphologies were 
found on the surface of Fe substrate after the electrochemical process.  We also 
observed that most of the nanowalls are grown perpendicularly to the surface. The 
length and thickness of the nanowalls increases with the number of repetitive potential 
step cycles for the process. In other words, the dimensions of the nanowalls can be 
controlled by the process steps in this work. The TEM image of a nanowall in 
FeOOH-15 is presented in Fig. 4.5d. Since the walls are only a few nanometers thick, 
it is almost transparent under high energy electron beam. The lattice fringes of the 
nanowalls (inset in Fig. 4.5d) is measured to be 0.495 nm which corresponds to the 




















Figure 4.5 High magnification SEM images for (a) FeOOH-2, (b) FeOOH-6 and (c) 




 To further investigate the dimensions of the nanowalls at different synthesis 
conditions, histograms of the length distributions of the FeOOH nanowalls in all 
samples are illustrated in Fig. 4.6. The average length of the nanowalls shows an 
obvious increasing trend with the increase in the number of repetitive cycles as 
indicated in Fig. 4.6a. This value increased from 162 nm for FeOOH-2 to 286 and 451 




the length distribution of the nanowalls was found to be 28.5 nm (Fig 4.6b), 33.6 nm 































Figure 4.6 (a) Plot of average length of FeOOH nanowalls as a function of repetitive 
cycles. Histograms of size distributions of nanowalls for sample (b) FeOOH-2, (c) 
FeOOH-6 and (d) FeOOH-15. Note that the length scales in the plots (b) to (d) are 
different. 
 
FTIR spectrometer is widely used in inorganic and organic materials bonding 
structure analysis due to its high sensitivity, resolution, and short collection time. The 
FTIR spectra of the sample were recorded in reflected mode by using a computer 
controlled Shimadzu AIM-8800 spectrometer equipped with liquid nitrogen cooled 
mercury, cadmium, tellurium (MCT) detector. The system is also equipped with a 
microscope allowing the analysis of samples at micrometer scales. Fig. 4.7 shows the 
FTIR spectrum of FeOOH-15 nanowalls on Fe substrate with 20 background scans in 
air. After that, the sample was scanned for 100 times and the collected data was 
analyzed with Attenuated Total Reflectance (ATR) correction. The result shows that 
the nanowall has the typical characteristic bands of FeOOH. The broad band recorded 
between 3500 to 3800 cm-1 is representative of the presence of ferric oxyhydroxide. 
The two sharp absorption at 1697 cm-1 and 1530 cm-1 are assigned to H2O and O-H 
d) 
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deformations respectively, while the Fe-OH deformation absorption band is observed 











Figure 4.7 FTIR spectrum of as-grown nanowalls on Fe substrate. 
 
Fig. 4.8 shows the XPS spectra of the O 1s signal for unmodified Fe foil and 
Fe foil after electrochemical treatment (sample FeOOH-15). Photoelectron 
spectroscopy utilizes photo-ionization and energy-dispersive analysis of the emitted 
photoelectrons to study the composition and electronic state of the surface region of 
the sample. XPS experiments were performed at ultra high vacuum at the soft X-ray 
beamline at Singapore Synchrotron Light Source (SSLS).[18] The energy of the 
incident X-ray used is 850 eV. All spectra were obtained after 20 slow scans. We 
found that for pure Fe substrate, its O1s spectrum can be fitted with 3 main peaks at 





obtained by Epling et al..[19] In general, the first 2 peaks were attributed to O2- or Fe 
oxides (FeOx) at 529.8 eV and hydroxyl groups (OH-) at 531.4 eV while the third 
peak (at 532.2 eV) is contributed by absorbed O species on the substrate.[19,20] 
However, for FeOOH nanowalls, the O1s spectrum can be easily fitted with just FeOx 
and OH- peaks only. The percentage of FeOx in O1s spectra increases from about 27 ± 
5% for pure Fe substrate to 62 ± 5% while for OH-, the percentage also rises from 
about 16 ± 5% to 38 ± 5%. These may suggest the formation of FeOOH compounds 












Figure 4.8 XPS O1s spectra obtained from pure Fe substrate and sample FeOOH-15. 
 
The peak area ratio for FexO and OH- of our FeOOH-15 sample is about 1.6:1 
which is greater than the expected value, 1:1. This may due to the some partial 
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conversion of FeOOH nanowalls to Fe2O3 in air as iron oxyhydroxide is slightly 
thermodynamically unstable compared to Fe2O3 at room temperature.[21] Another 
possible reason could be that the system also picked up signals from some exposed Fe 
substrate surface which mainly containing native oxides on the surface.   
   
We also detected minimal intensity of chlorine (Cl) element during the XPS 
wide scan on most of the electrochemically treated Fe samples which suggests that Cl- 
anion in the electrolyte during the electrochemical process can be adsorbed on 
FeOOH nanowalls. According to works done by Kosmulski et al. and Hiemstra et al., 
they suggested that the affinity of iron oxyhydroxide to anions and cations is 
pH-dependent.[22,23] It also suggests that the surface of iron oxyhydroxide carries a 
positive proton charge at pH below the point of zero charge (PZC). This can result in 
electrostatic attraction or repulsion of all ions. According to the statistic data of the 
reported PZC of goethite, the pH is at the value of 8.32 ± 0.89, therefore, at our 
preparation condition (the electrolyte is about pH 7.0), the surface of iron 
oxyhydroxide should be positively charged and thus can attract the Cl- anion.  
 
4.4 Conclusions  
In summary, by choosing Fe substrate as the working electrode in an 
electrochemical system, FeOOH nanowalls can be synthesized directly and without 
much impurity issues although a small percentage of Cl- was found on the surface. 
The nanowalls were studied by SEM, TEM, FTIR and XPS, with all the results 
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indicating the formation of FeOOH nanowalls on Fe substrate. The dimensions of the 
nanowalls can be controlled from 160 nm to 450 nm by varying the number of 
process cycles. With no additional oxidation process needed, our approach provides 
an alternative simple and economical way for room temperature, large area synthesis 
of FeOOH nanowalls. It may also be useful for further fundamental research on low 
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Chapter 5 Field Emission Performances of As-grown Nanostructures 
5.1 Introduction 
 With conventional cathode ray tubes gradually being replaced by flat panel 
displays, there is much interest in electron field emitters. This can be credited to the 
recent development of cheap and robust field emitting nanomaterials. Field emission 
electron sources are considered to be one of the best choices because of their high 
emission current densities of up to 107 A cm-2 at the emission site and relatively low 
energy spread (< 500 meV) of emitted electrons.  
 
Field emission is the process whereby electrons are emitted under high electric 









Fig. 5.1 Field emission model from a metal emitter.  
 
As shown in Fig 5.1, the potential barrier is square-shaped step when no 
electric field is applied. When a potential is applied, the surface potential step 
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confining the electrons to the solids becomes a triangular potential barrier. The 
amplitude of local field F just above the surface of the solid determines the gradient of 





VF =               (5.1) 
where V is the applied voltage, d0 the distance between the two parallel electrodes, 
and β is the field enhancement factor. Field emission peaks at the Fermi level; hence, 
field emission is determined by the material’s workfunction.  
 
The Fowler-Nordheim model describes the dependence the emitted current on 
the local field and work function as [2] 
)/exp()/( 2/32 EBEJ φφ −∝           (5.2) 
where J is emission current density, E is applied electric field, φ is the emitter work 
function and B = 6.83 x 109 (V eV-3/2 m-1). From the relationship, we can see that the 
emitted current is strongly affected by factors such as variations in the shape of 
emitter and the chemical state of the solid or its surface. For a perfectly flat metal 
surface with a typical work function of 5 eV, the field necessary to generate 
measurable emission currents is in the range of 2.5 Vnm-1 or, in more appropriate 
units, 2500 Vμm-1. To generate such high electric fields one has to use the effect of 
field enhancement at tip-like structures. In the first approximation the field at the apex 
of a needle-shaped tip is enhanced by a factor β = h/r, where h is the height of the tip 
and r the radius of curvature of the tip apex. This opens the door for nanostructured 
materials as strong candidates for future low-cost electron field emitters. When the 
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field emission follows the Fowler Nordheim model, β can be calculated from the 
slope of the Fowler-Nordheim plot, obtained by plotting ln (I/ E2) against 1/E. 
 
Field emitters are preferred over thermoelectric emitters because of several 
advantages. Firstly, field emitters do not need to be heated, hence there is no need for 
the installation of a heater in the device. Secondly, the electrons emitted by field 
emitters have a smaller energy spread. Thirdly, field emitters are easily synthesized in 
microscopic or nanoscale dimensions and can be made into arrays. Lastly, the emitter 
current is easily controlled by an applied voltage. 
 
5.2 Experimental details and setup 
 The field emission measurements were carried out in a home-made vacuum 
system. The base pressure for every experiment is in the 10-7 Torr high vacuum range. 








Fig. 5.2 Schematic diagram of field emission setup in this project 
 74
 The anode (Indium Tin Oxide, ITO, on glass slide) and cathode (sample) are 
separated by a microglass spacer. The electric field is generated by applying a voltage 
around the anode and cathode provided by a Keithley 237 high voltage power source. 
The field emission measurement process is controlled by the computer interface using 
a LabView program that communicates with the voltage supply through an IEEE 
connection. Hence, the voltage can be increased at the desired step and interval. The 
emission current was also recorded automatically by the computer at each step. 
  
The electron field emission of 3 different metal-oxide nanomaterials were 
studied in this project, ie. FeOOH nanowalls, Fe3O4 and ZnO nanosheets. The 
synthesis methods for all 3 nanostructures were discussed earlier in Chapters 3 and 4. 
FeOOH nanowalls were grown electrochemically at room temperature on Fe 
substrates with KCl as electrolyte, while both Fe3O4 and ZnO nanosheets were formed 
on Fe and Zn substrates respectively in an oxygen-rich solution containing diluted 
HCl and KCl at 70 °C for a few tens of minutes. 
 
5.3 Results and Discussions 
5.3.1 Field emission performance of FeOOH nanowalls 
 Fig. 5.3 shows the SEM images of electrochemically synthesized FeOOH 
nanowalls on Fe, after 15 process-cycles. The average length nanowalls is about 450 










Fig. 5.3 SEM image of as-grown FeOOH nanowalls. 
 
Based on our knowledge, this may be the first field emission report for 
FeOOH nanostructures. The field emission measurements were carried out using a 
two-parallel-plate configuration with the anode to cathode distance fixed at 150 μm 
(spacer). The applied voltage during the field emission experiments is swept from 0 V 
to a maximum of 1100 V (7.3 V/μm electric field), in 10 V steps at 0.5 seconds 
intervals. Fig. 5.4 shows a typical field emission performance curve (emission current 
density versus applied electric field) of the sample. The turn-on electric field was 
found to be around 4.8 V/μm corresponding to current density (J) of 1 μA/cm2. The 
observed maximum emission current density was 0.12 mA/cm2 under maximum 
applied electric field (E) of 7.3 V/μm. The turn-on field reported here (4.8 V/μm) is 
generally lower compared to most reported metal-oxide nanocomposites such as CuO 
nanofibrils (6 V/μm),[3] Ga2O3-C nanocables (7.73 V/μm),[4] Co3O4 nanowalls (6 













Fig. 5.4 The measured field emission current density versus the applied electric field 
of FeOOH nanowalls on Fe substrate. The turn-on electric field of these nanowalls is 
4.8 V/μm. Inset shows the corresponding Fowler-Nordheim plot. 
 
According to equation 5.2, the behavior of this emitter can be analyzed using 
the Fowler-Nordhiem (F-N) equation. The F-N plot of the emitter is presented as the 
inset in Fig. 5.4. The observed linear behaviour indicates that the emission is 
consistent with the F-N theory while the slope, S, of the plot corresponds to:  
βφ /1083.6 2/33xS −=             (5.3) 
 
To determine the enhancement factor of the nanowalls, the work function of 
FeOOH was taken to be 5.0 eV, as determined by Guan et al. using photoemission 
spectroscopy on FeOOH powders.[7] Thus, the enhancement factor, β, was calculated 
 77
to be about 1270. Such a value is comparable to those obtained from measurements of 
other nanostructures such as ZnO nanowires,[8] and carbon nanotubes.[9]   
 
5.3.2 Field emission performances of Fe3O4 nanosheets 
 The dimensions of Fe3O4 nanosheet sample are about 1 μm in length and 30 nm 
in thickness, as observed under SEM (Fig. 5.5). The duration of the growth is fixed at 
15 min in an oxygen-rich acidic solution at 70 °C (cf. Chapter 3.3.2). 
 







Fig. 5.5 SEM image of the Fe3O4 nanosheets grown with introduction of oxygen 
bubbles. 
  
Although Fe3O4 is an interesting material for applications such as magnetic and 
gas sensors,[10,11] we could not find any reports about the field emission 
performance of Fe3O4 nanostructures in the literature. In our field emission 
measurements, the distance between anode and cathode is set to 100 μm. This allows 
us to examine the sample at a maximum of 11 V/μm electric field. The applied 
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Fig. 5.6 The measured field emission current density versus the applied electric field 
of Fe3O4 nanosheets on Fe substrate. Inset shows the corresponding Fowler-Nordheim 
plot of the nanosheets. 
  
The recorded field emission performance of Fe3O4 nanosheets is shown in Fig. 
5.6. The emission current density reaches about 0.61 μA/cm2 at maximum applied 
electric field of 11 V/μm. This value is at least 2 orders of magnitude lower than the 
previously reported FeOOH nanowalls in Fig. 5.4. The turn-on electric field is 
estimated to be around 11.3 V/μm corresponding to a current density of 1 μA/cm2. 
Based on equation 5.3, the β of the nanosheets can be calculated from the F-N curve 
(inset in Fig. 5.6) which is about 1090 with the assumption that the work function of 
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Fe3O4 is 5.20 eV.[12] These observations suggest that Fe3O4 nanosheets are poorer 
electron field emitters compared to FeOOH nanowalls and other metal-oxide 
nanostructures.[3-5]  
 
For practical applications, the reliability and stability of the emission current 
density is essential. We further tested the stability of the nanosheets by repeating the 









Fig. 5.7 Repeated field emission measurements for Fe3O4 nanosheets at 11 V/μm. 
  
Fig. 5.7 shows the recorded emission current density for repeated field 
emission measurements of Fe3O4 nanosheets at an electric field strength of 11 V/μm. 
We found that the initial values of J are generally higher with severe fluctuations, 
especially for the first 10 measurements. The values became more stable sub 
sequently with an average J value of 0.65 μA/cm2, which is significantly lower (at 
least by 45 %) compared to the initial 5 readings. This gradual degradation 
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phenomenon may be due to the bombardments of degassed elements such as O2, H2O 
and others that can affect the surface of nanosheets, probably through oxidation 
interactions with them.[13] Similar results were also obtained by Kim et al. when 
studying the field emission characteristics of carbon nanotubes.[14] According to 
their observations, the field emitters may change structurally during field emission 
measurements and they concluded that these changes are most likely due to chemical 
reactions with organic binders and current-induced thermal resistive heating under 
high electric field. Although it is believed that most of the organic binder materials 
are weakly bonded on the surface and can be easily removed at about 300 °C, it is 
also possible that these binders can remain on the emitter surface and cause severe 
emission fluctuations in subsequent field emission measurements.   
 
5.3.3 Field emission performances of ZnO nanosheets 
 As discussed in Chapter 3.4, high densities of ZnO nanosheets close to 10 μm in 
length and 120 nm in thickness can be formed on the Zn substrates by immersing the 
Zn substrate into an oxygen-rich acidic solution for 90 minutes at 70 °C (Fig. 5.8). 





Fig. 5.8 High density of ZnO nanosheets grown on Zn substrate. 
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ZnO has been classified as one of the future field emission 
nanomaterials.[15-18] Recently, Dev et al. demonstrated strong electron field 
emission performance up to a few mA/cm2 current density at 15 V/μm electric field 
for ZnO nanorod arrays.[19] Wang et al. even achieved more than 1 mA/cm2 
emission current density at the low electric field of 3 V/μm for ultralong ZnO 
nanobelts.[20] 
 
The field emission setup is very similar to that for measurements of Fe3O4 
nanosheets. The separation between anode and cathode is fixed to 100 μm by a 
microglass spacer. This allows us to achieve a maximum electric field of 11 V/μm 
during measurements. The applied voltage was also increased at 10 V per step with 1 
second intervals between measurements. Fig. 5.9a and 5.9b show the field emission 






















Fig. 5.9 Field emission performance of ZnO nanosheets on Zn substrate. (a) Current 
density versus applied electric field. The inset represents the fluorescence field 
emission image of nanosheets under applied voltage of 1100 V; (b) The 
corresponding Fowler-Nordhiem plot. 
 
 From Fig. 5.9a, the maximum emission current density of our ZnO nanosheets is 
about 270 μA/cm2 at 11 V/μm. The turn on field is 6.8 V/μm corresponding to a 
current density of 1 μA/cm2. The inset depicts the fluorescence field emission image 
of the nanosheets at 11 V/μm. This fluorescence image was captured by a digital 
camera at 1-megapixel resolution during experiments. The F-N plot shown in Fig. 
5.9b gives a linear relationship between ln(J/E2) and 1/E at high electric field. This 
indicates that quantum tunneling mechanism is responsible for electron emission from 




The field emission performance of our ZnO nanosheets is generally poorer 
compared to other types of ZnO nanostructures such as nanorods and 
nanopencils.[19,21-22] This may be due to the differences in dimension or structure 
of the nanomaterials as high aspect ratio needle-shape structures generally having 
much higher field enhancement, β. As discussed earlier, the field at the apex of the tip 
can be enhanced by a factor β = h/r. Taking the work function of ZnO to be 5.4 
eV,[23,24] the β value of ZnO nanosheet is estimated to be 749. This value is lower 
compared to ZnO nanorods (β = 1044), nanoagaves (β = 6041) and nanopencils (β = 
2300, all of which have high aspect ratio sharp edged structures with small tip 
radius.[19,25,26] 
 
5.4 Conclusions   
 In summary, we have studied the electron field emission properties of FeOOH 
nanowalls, Fe3O4 and ZnO nanosheets. No previous scientific reports of the field 
emission performances of FeOOH and Fe3O4 nanostructures can be found in the 
literature. According to our measurements, both FeOOH nanowalls and ZnO 
nanosheets are capable of emitting at least few hundreds μA/cm2 current density. This 
makes them strong candidates for future electron field emitter devices. The stability 
and reliability of Fe3O4 nanosheet electron field emission was also investigated by 
repeating the experiment cycle for more than 40 times. Emission fluctuations were 
observed for the first 10 readings which may mainly due to the bombardments of 
degassed elements such as O2, H2O and others that can affect the surface of 
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nanosheets through chemical interactions. However, the emissions gradually become 
stable after removing the organic binder materials on the surface.  
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Chapter 6 Conclusions 
 
 Oxides are the most commonly occurring minerals on earth and are now widely 
used in various areas from catalysis, sensors to electronics and magnetic storage. With 
reduced dimensionalities, more new and exciting physical and chemical properties 
have been discovered, for example, room temperature ultraviolet nanolasers and 
nanosensors.[1,2]  
  
In this thesis, we present two strategies for growing two-dimensional metal oxide 
nanostructures. In chapter 3, uniform black 2D Fe3O4 nanosheets can be synthesized 
quickly on Fe substrates by immersing the substrate into a 70 °C acidic solution 
containing HCl and KCl under an O2 rich environment. The morphology and 
chemical composition of the as-grown nanosheets were characterized by SEM, XRD, 
TEM, EDX and micro Raman, while VSM was used to study their magnetic 
properties. Unlike other methods, this growth technique provides an alternative low 
temperature and simple route for preparing nanostructured materials on substrates on 
a large-scale. Furthermore, the required growth timescale can be shortened from hours 
to minutes by creating an oxygen-rich medium. We demonstrated the extensing of this 
method to obtain high densities of ZnO nanosheets on Zn substrates. Although this 
technique provides a more direct and simple way to fabricate nanomaterials in large 
scale, there is still much work to be done for the synthesis of other metal oxides 
nanocomposites. The growth conditions such as the pH of the solution and the process 
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temperature need to be optimized to fabricate metal oxide nanocomposites such as 
CuO, VxO and TiO2.  
 
 In chapter 4, we introduce another direct method for the large scale formation of 
FeOOH nanowalls. By choosing an Fe substrate as the working electrode in an 
electrochemical system, FeOOH nanowalls can be synthesized directly and without 
impurities except for a small percentage of Cl-. The nanowalls were studied by SEM, 
TEM, FTIR and XPS, and the results indicate the formation of FeOOH nanowalls on 
the Fe substrate. The dimensions of the nanowalls can also be controlled from 160 nm 
to 450 nm by varying the number of process cycles. With no additional oxidation 
process needed, our approach provides another alternative simple and economical 
method for room temperature, large area synthesis of FeOOH nanowalls.  
 
 The last part of the thesis (chapter 5) reports the electron field emission 
characteristics of the nanostructures grown by these two techniques. Field emission 
electron sources are considered to be one of the best choices to replace the 
conventional cathode ray tubes because of their high emission current density and 
relatively low energy spread (< 500 meV) of emitted electrons. We report, for the first 
time, the electron field emission properties of FeOOH nanowalls and Fe3O4 
nanosheets. According to our measurements, both FeOOH nanowalls and ZnO 
nanosheets are capable of emitting a current density of at least a few hundreds 
μA/cm2. This makes them strong candidates for future electron field emitter devices. 
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The stability and reliability of Fe3O4 nanosheet electron field emission were also 
investigated by repeating the experiment cycle for more than 40 times. Emission 
fluctuations were observed for the first 10 readings which are attributed to 
bombardment by degassed species such as O2 and water, thereby modifying the 
surface of the nanosheets. However, the emissions gradually become stable after the 
organic binder materials are removed from the surface.  
 
 One of the biggest challenges of nanoscience research is to obtain a universal, 
economical and novel synthesis method. Our two improved fabrication methods 
provide alternative methods for the growth metal-oxide nanostructures. Both are 
potentially useful for large-scale and uniform synthesis. For future work, besides 
extending the growth techniques to the synthesis of other metal oxide nanocomposites, 
investigations worth exploring include the chemical sensing abilities of these 
nanomaterials. Application of iron oxide nanostructures in lithium-ion batteries is also 
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